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Many  integrin subunits are cleaved during their processing to yield heavy and light chains, which remain associated by
disulfide bonds. While uncleaved  integrin subunits can form functional receptors that sometimes have distinct signaling
roles from their better-characterized endoproteolytically cleaved counterparts, their expression at the cell surface and their
association with signaling complexes have yet to be determined in vivo. In this study, we demonstrate that, in
differentiating lens fiber cells, the uncleaved form of 6 integrin was expressed at the cell surface. This form of 6 integrin
coimmunoprecipitated with both the signaling adaptor molecule Shc and its downstream effector Grb2, suggesting that, in
lens fiber cells, uncleaved 6 integrin was associated with a Shc-mediated signaling complex. We show that expression of
the cleaved form of 6 integrin progressively decreased relative to uncleaved 6 integrin as the state of lens cell
differentiation increased, resulting in the predominance of uncleaved 6 integrin in the lens fiber cell zones. Interestingly,
we previously have shown that 6 integrin is localized principally along the extensive cell–cell interfaces of these lens fiber
cells, in the absence of its extracellular matrix ligand laminin. While we found that the cleaved form of 6 integrin
contained both high mannose and complex sugars, the uncleaved form of 6 integrin contained only high mannose sugars.
These properties suggest that the uncleaved form of 6 integrin may have a unique role in the embryonic lens. Its high
association with Shc and Grb2 in the differentiating cortical fiber cell zone indicates that 6 integrin may provide a cell
survival signal in the presence of the apoptotic-like processes that are initiated in this region of the embryonic lens to clear
the lens cells of their organelles. © 2002 Elsevier Science (USA)
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6 Integrin plays a regulatory role in the differentiation
and development of many cell and tissue types (Frade et al.,
1996; Kadoya et al., 1995; Sastry et al., 1996), including the
differentiation of lens fiber cells (Walker et al., 2002). There
are a number of ways that the function of 6 integrin can be
regulated in these cells, each of which is likely to influence
its ability to activate specific downstream signaling effec-
tors. One is alternative splicing of the 6 cytoplasmic
domain, yielding both 6A and 6B isoforms (Cooper et al.,
1991; Hogervorst et al., 1991). While the 6B isoform is
typical of undifferentiated cells, expression of 6 corre-
lates with the acquisition of both migratory and differenti-
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All rights reserved.ated cell phenotypes (Cooper et al., 1991; Jiang and Grabel,
1995; Shaw and Mercurio, 1995; Thorsteinsdottir et al.,
1999). Each isoform has unique signaling functions. The
6A isoform elicits greater activation of the ERK mitogen-
activated protein kinase (MAPK) than 6B (Wei et al., 1998)
and greater phosphorylation of paxillin (Shaw et al., 1995).
We have shown that a switch in 6 isoform predominance
from 6B to 6A accompanies lens fiber cell differentiation
(Walker and Menko, 1999), suggesting that the function of
the 6A integrin isoform in particular is required for normal
lens cell differentiation.
Another modification of the 6 integrin subunit that can
alter its signaling function is its endoproteolytic cleavage
(Delwel et al., 1996). Cleavage of the membrane proximal
extracellular domain of a number of  integrin subunits
occurs in the trans-Golgi network (Rigot et al., 1999), and
the resulting heavy and light chains are held together by
disulfide bonding (Eble et al., 1998). The function of endo-
proteolytic cleavage is still unclear but may provide for the
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conformational flexibility required for ligand binding (Del-
wel et al., 1996, 1997). For many years, it has been thought
that the uncleaved forms of  integrins represent a nonfunc-
tional integrin subunit precursor or proform. It is now clear
that the uncleaved form can mediate ligand binding (Delwel
et al., 1996, 1997; Kolodziej et al., 1991; Teixido et al.,
1992), and that some uncleaved  integrin subunits may
have signaling roles distinct from their cleaved counter-
parts (Berthet et al., 2000; Delwel et al., 1996, 1997).
6 Integrin is among those  subunits expressed in cells
as both a cleaved, disulfide bonded form and an uncleaved
form (Lehmann et al., 1996; Sonnenberg et al., 1990). The
uncleaved form of 6 integrin is functional. It forms het-
erodimers with 1 or 4 integrin subunits that can bind
laminin, form complexes with the tetraspanin protein
CD151, respond to Mn2 by increased binding to laminin,
and induce cell spreading (Delwel et al., 1996, 1997; Leh-
mann et al., 1996; Sterk et al., 2002). Unlike the cleaved
form of 6 integrin, uncleaved 6 integrin cannot be acti-
vated to bind laminin in response to PMA (Delwel et al.,
1996), providing evidence that these two forms of 6
integrin may have distinct signaling functions. Many of
these studies were performed on cells which had been
transfected with an 6 integrin mutated to prevent its
cleavage (Delwel et al., 1996, 1997; Sterk et al., 2002). Prior
to our study, a naturally occurring plasma membrane-
associated uncleaved 6 integrin only had been demon-
strated in cells lacking furin, the transgolgi endoprotease
responsible for its cleavage (Lehmann et al., 1996).
Integrin signaling potential also can be affected by the
state of integrin subunit glycosylation. Underglycosylation
of integrins, as produced by growing cells in the absence
of galactose, results in their translocation to glyco-
sphingolipid-enriched membrane domains (Kazui et al.,
2000). This demonstrates that the degree of glycosylation of
an integrin receptor can determine its ability to associate
with specific microdomains of the membrane, such as lipid
rafts, which contain a high concentration of signaling
molecules. This has particular impact in the embryonic
lens because the Golgi apparatus, where complex carbohy-
drates are added to proteins, becomes fragmented soon after
the lens cells begin to differentiate (Bassnett, 1995). The
fragmentation of the Golgi apparatus inherently will affect
the state of glycosylation of membrane proteins produced
by the differentiated lens fiber cells. The endoplasmic
reticulum, where high mannose carbohydrates are added to
receptor molecules, remains intact until the cells reach the
deep cortex of the developing lens. Then it too is degraded,
along with the fiber cell nuclei and mitochondria (Bassnett,
1995), in a process necessary for the lens to become trans-
parent.
Results of our study demonstrated that the uncleaved
form of 6 integrin plays a functional role in the differen-
tiating lens fiber cell zone of the embryonic lens, a region
where this form of 6 integrin is predominant. While both
cleaved and uncleaved 6 integrin were expressed on the
lens cell surface, there were distinct differences in their
glycosylation state. The cleaved form of 6 integrin con-
tained both high mannose residues and complex carbohy-
drates, while the uncleaved form contained primarily high
mannose residues. To examine the potential of both forms
of 6 integrin to participate in cell signaling pathways
during embryonic lens cell differentiation, we examined
their association with Shc and Grb2. Shc couples integrin
receptors to effector molecules such as the Grb2-mSOS
complex (Bhattacharya et al., 1995; Wary et al., 1996) to
activate downstream signaling pathways (Barberis et al.,
2000; Mainiero et al., 1997). We found that, in the embry-
onic lens, both endoproteolytically cleaved and uncleaved
forms of 6 integrin formed signaling complexes with Shc
and Grb2. We also show that, in the differentiating fiber cell
regions of the embryonic lens, the association between 6
integrin and both Shc and Grb2 is specific to the 6A
isoform and that the formation of these 6A signaling
complexes is greatest in the cortical fiber cell zone.
MATERIALS AND METHODS
Antibodies
The P2C62C4 mouse monoclonal antibody to chicken 6 inte-
grin was obtained from Developmental Studies Hybridoma Bank
(Iowa City, IA). Polyclonal antibody to 6A was from Santa Cruz
Biotechnology (Santa Cruz, CA). Antibody that recognizes all three
isoforms of Shc, antibody to Grb2, and antibody to N-cadherin were
from BD Biosciences (San Jose, CA). HRP-conjugated antibodies to
mouse and rabbit IgG were from Amersham (Arlington Heights, IL)
and BioRad (Hercules, CA). HRP-conjugated streptavidin was from
Endogen (Woburn, MA).
Microdissection of Embryonic Lenses
White Leghorn embryonated chicken eggs were procured from
Truslow Farms (Chestertown, MD) and incubated in a forced-draft
incubator at 99°F. Embryonic day 10 (E10) lenses were removed and
separated into distinct zones of differentiation as described previ-
ously (Walker and Menko, 1999).
Tissue Extraction
Microdissected embryonic chick lens fractions were extracted
either with CHAPS or Triton X-100 (TX) buffers, as indicated in the
text. Buffer formulations were as follows: CHAPS: 0.5% CHAPS
(Sigma, St. Louis, MO) in PBS with 10 mM Tris–HCl, pH 7.4, and
2 mM EDTA and an inhibitor cocktail containing 3 mM sodium
pyrophosphate, 50 mM sodium fluoride, 50 g/ml aprotinin, 5
g/ml leupeptin, 25 g/ml soybean trypsin inhibitor, 100 mM
benzamidine, 1 mM sodium vanadate, and 0.5 mM phenylmethyl-
sulfonyl fluoride; TX: 1% Triton X-100 in buffer containing 10 mM
imidazole, 100 mM NaCl, 1 mM MgCl2, 5 mM EDTA, pH 7.4, and
the above inhibitor cocktail. As indicated, TX-insoluble proteins
were extracted in OG buffer: 60 mM octylglucoside in 10 mM
imidazole, 100 mM NaCl, 1 mM MgCl2, 5 mM EDTA, pH 7.4, and
the above inhibitor cocktail. Extraction conditions were as previ-
ously described (Walker and Menko, 1999; Walker et al., 2002). For
samples to be used for the immunoprecipitation/immunoblot
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studies, 0.2 mM H2O2 was added to the extraction buffer and
samples were preincubated for 3 min prior to extraction in media
containing 1 mM sodium vanadate and 0.2 mM H2O2. Protein
concentration was determined by the BCA assay (Pierce, Rockford,
IL).
Immunoprecipitation
The entire sample of each microdissected fraction from a set of
100 lenses was used for the immunoprecipitation studies. This
better represents similar levels of 6 integrin expression across the
microdissected fractions than equal protein because the lens crys-
tallins comprise increasingly larger proportions of the total cellular
protein as the lens cells differentiate. For immunoprecipitation
studies, samples were incubated at 4°C sequentially with primary
antibody and then protein G (Sigma) as described (Walker et al.,
2002).
Immunoblot Techniques
Proteins were separated on Tris–glycine gels obtained from
Novex (San Diego, CA), electrophoretically transferred to
Immobilon-P membrane (Millipore Corp., Bedford, MA), and im-
munoblotted as described previously (Walker and Menko, 1999).
For detection, ECL reagent from Amersham Life Sciences (Arling-
ton Heights, IL) was used. Immunoblots were scanned and densi-
tometry analysis performed by using Kodak 1D software. Unless
otherwise specified, all gels were run under reducing conditions.
Surface Biotinylation
E10 chick embryo lenses were incubated for 45 min in PBS
minus Ca2 and Mg2, which has been shown to release cell–matrix
contacts in the lens (Bassnett et al., 1999). This guaranteed that the
lens fiber cell membranes remained intact during the isolation
protocol. The lens fiber cells were isolated as described previously
(Walker and Menko, 1999), surface biotinylated using EZ-link
Sulfo-NHS-LC-Biotin according to manufacturers instructions
(Pierce), and extracted in CHAPS buffer prior to analysis.
EndoH and PNGase F Treatment
Cleavage with endoH and PNGase F can be used to determine
whether a protein contains high mannose or complex N-linked
oligosaccharides, since endoH cleaves only high mannose N-linked
oligosaccharides, while PNGase F cleaves both high mannose and
complex N-linked oligosaccharides. E10 chick embryo lenses were
separated into epithelial and fiber regions and each fraction ex-
tracted in CHAPS buffer. A total of 17 g of each sample was
digested for 60 min with either EndoH or PNGase F according to
manufacturers’ instructions (New England Biolabs, Beverly, MA).
RESULTS
Both Cleaved and Uncleaved Forms of 6 Integrin
Are Expressed in the Embryonic Lens
We have investigated whether regulation of the 6 inte-
grin cleavage state could affect its role in the differentiation
of lens fiber cells. E10 chick lenses were dissected, yielding
two populations: lens epithelial (E) cells and differentiating
lens fiber (F) cells (Fig. 1A). The tissue fractions were
subjected to PAGE under reducing conditions to separate
cleaved, disulfide bonded 6 integrin into heavy and light
chains that migrate at 120 and 30 kDa, respectively (Delwel
et al., 1996). Under these conditions, the uncleaved form of
6 integrin migrates at 150 kDa. The tissue fractions were
immunoblotted by using an antibody to the 6 integrin
extracellular domain that recognizes both the cleaved 120-
kDa and uncleaved 150-kDa forms of 6 integrin. This
antibody also recognizes both 6A and 6B integrin iso-
forms, which comigrate. Bands at 120 and 150 kDa were
detected in both epithelial and fiber zones of the embryonic
lens (Fig. 1B). To confirm that these bands represented the
cleaved and uncleaved forms of 6 integrin, PAGE was
performed under nonreducing conditions where the two
chains of the cleaved 6 integrin would remain linked and
migrate at 150 kDa with the uncleaved form. As predicted,
under nonreducing conditions, there was only a single band
at 150 kDa detected by immunoblotting with the 6 inte-
grin antibody (Fig. 1B). These results demonstrate that the
150 and 120 kDa 6 integrin bands detected in embryonic
lens tissue represent the uncleaved and cleaved forms of
this molecule, respectively.
Uncleaved 6 Integrin Is Expressed at the Cell
Surface
Typically, integrin cleavage occurs in the Golgi prior to
its export to the plasma membrane. If, as we predict, the
uncleaved form of 6 integrin has a signaling role during
lens cell differentiation distinct from its cleaved form, then
it also should be expressed at the cell surface. On the other
hand, if in the embryonic lens the uncleaved form of 6
integrin is only a preform of the functional molecule, then
it should be found only in the endoplasmic reticulum and
the Golgi, not at the cell surface. To determine whether
uncleaved 6 integrin was localized at the plasma mem-
brane of differentiating lens fiber cells, we surface biotinyl-
ated cells in the lens fiber cell fraction prior to their
extraction and immunoprecipitation with an antibody to 6
integrin. The biotinylated 6 integrin bands were detected
by streptavidin–HRP (Fig. 1C). As a control, lens fiber cell
proteins were run on the same gel and immunoblotted for
6 integrin. The results demonstrated that both cleaved and
uncleaved forms of 6 integrin were present on the cell
surface of lens fiber cells.
Predominance of Uncleaved 6 Integrin in
Differentiating Lens Fiber Cells
To examine regulation of the cleavage state of 6 integrin
with lens cell differentiation, E10 lenses were microdis-
sected into four regions of differentiation which are ex-
pressed concurrently at a single stage of development (Fig.
1A): the central epithelium (EC), undifferentiated but com-
mitted lens cells; the equatorial epithelium (EQ), where
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FIG. 1. Both cleaved and uncleaved forms of 6 integrin are located at the surface of lens fiber cells, and their expression is regulated with
lens cell differentiation state. (A) Model of chick embryo lens dissection scheme. In the studies presented, lenses were either dissected into
lens epithelial (E) and fiber (F) zones or further microdissected yielding four regions of differentiation: the central epithelium (EC), the
equatorial epithelium (EQ), the peripheral cortical fiber cells (FP), and the central nuclear fiber cells (FC). (B) E10 chick embryo lenses
separated into lens epithelial cells (E) and lens fiber cells (F) were extracted in TX buffer, and 15 g of each fraction was immunoblotted
with an antibody that recognizes an epitope in the 6 integrin extracellular domain shared by uncleaved 6 integrin and the heavy chain
of cleaved 6 integrin. Under reducing conditions, which separate the cleaved integrin into heavy and light chains, there are two 6 integrin
bands corresponding to the uncleaved form and the heavy chain of the cleaved form. Under nonreducing conditions, where the two chains
of cleaved 6 integrin remained disulfide bonded, the cleaved disulfide-bonded and uncleaved forms of 6 integrin comigrated. (C) At E10,
the lens fiber cell zone was isolated and proteins expressed on the cell surface labeled with Sulfo-NHS-LC-Biotin. Biotin-labeled 6 integrin
was immunoprecipitated with an antibody that recognizes the cleaved and uncleaved forms of both 6A and 6B integrin. The surface
labeled 6 integrins were detected with streptavidin–HRP. Total cell lysate of lens fiber cells (15 g) was run in parallel and immunoblotted
with the 6 integrin antibody to confirm that the biotin-labeled proteins comigrated with 6 integrin. The results demonstrated that both
the cleaved and uncleaved forms of 6 integrin were localized at the cell surface. The study presented is representative of at least five
independent experiments. (D) Microdissected lens fractions EC, EQ, FP, and FC were extracted in CHAPS buffer, and 15 g of each fraction
was immunoblotted with an antibody to 6 integrin. The results showed that the cleaved form of 6 integrin was highly expressed in the
EC and EQ regions of the lens and decreased as lens fiber cells differentiated. As a result, uncleaved 6 integrin was the predominant form
expressed in the FP and FC regions of the lens. The ratio of uncleaved to cleaved 6 integrin was determined following densitometric
analysis of seven independent experiments. For each study, data were normalized to the FC fraction. This quantitative analysis confirms
that the uncleaved form of 6 integrin predominated in the differentiating fiber regions of the lens. (E) Microdissected lens fractions EC,
EQ, FP, and FC were extracted sequentially in TX buffer followed by OG buffer. For the TX-soluble fractions, 15 g of each sample was
loaded per well. OG extracts of the TX-insoluble proteins were loaded at a volume equal to that of their respective TX-soluble fractions in
order to be able to determine the proportion of total 6 integrin present in the TX-insoluble fraction. Blots were probed with an antibody
to 6 integrin. Both cleaved and uncleaved forms of 6 integrin were associated with the TX-insoluble fraction, and their greatest linkage
to this fraction occurred in the FP zone.
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lens epithelial cells first proliferate and then initiate their
differentiation; the cortical fiber region (FP), where lens
cells differentiate as they migrate toward the center of the
lens; and the centrally located, terminally differentiating,
nuclear fiber cells (FC). Lens fractions were extracted in
CHAPS buffer, subjected to PAGE under reducing condi-
tions, and immunoblotted with antibody to 6 integrin (Fig.
1D). The results provided evidence for the first time that
the cleavage state of 6 integrin was regulated with cell
differentiation. In the epithelial regions of the lens, EC and
EQ, cleaved 6 integrin was present in much greater quan-
tities than the uncleaved form. As the lens cells differenti-
ated, the level of cleaved 6 integrin decreased causing the
ratio of uncleaved to cleaved 6 integrin to increase (Fig.
1D). The overall expression of 6 integrin was decreased in
the lens fiber cell regions as we have shown previously
(Walker and Menko, 1999). The developmental switch to
the uncleaved form of 6 integrin may contribute to the
regulation of 6 integrin function during lens cell differen-
tiation.
In a previous study, we have demonstrated that a propor-
tion of the 6 integrin receptor expressed in the embryonic
lens is associated with a TX-insoluble fraction of proteins,
that its association with the TX-insoluble cell fraction
increases as the lens cells differentiate and that the highest
association of 6 integrin with the TX-insoluble cell frac-
tion occurs in the FP zone (Walker and Menko, 1999).
Proteins in this TX-insoluble fraction include those linked
to the actin cytoskeleton and those present in lipid rafts.
We now examined whether the increased TX insolubility of
6 integrin as lens cells differentiated was a property
unique to the cleaved or uncleaved forms of 6 integrin, or
one shared by both forms. For these studies, E10 lenses were
microdissected as described in Fig. 1A and extracted se-
quentially with TX buffer followed by octylglucoside (OG)
buffer. OG solubilizes proteins associated with both the
cytoskeleton and lipid rafts. The results show that the
uncleaved as well as the cleaved forms of 6 integrin are
associated with the TX-insoluble fraction (Fig. 1E) and that
the greatest level of TX insolubility for both cleaved and
uncleaved 6 integrin occurs in the differentiating cortical
fiber zone.
The Uncleaved Form of 6 Integrin Has an Altered
Glycosylation State
There is growing evidence that altering the state of
integrin glycosylation can affect its signaling function
(Akiyama et al., 1989; Hotchin and Watt, 1992; Kazui et al.,
2000; Ono et al., 2000). We investigated the glycosylation
state of the cleaved and uncleaved forms of 6 integrin in
the embryonic lens. Prior to analysis, the lenses were
separated into epithelial (E) and fiber (F) zones. Extracts of
these lens fractions were incubated with either PNGase F or
endoH. PNGase F treatment cleaves both high mannose
and complex N-linked oligosaccharides, while endoH
cleaves only high mannose N-linked oligosaccharides. The
cleaved form of 6 contained primarily the complex type of
N-linked oligosaccharides. This is shown by the substantial
shift in electrophoretic mobility when all N-linked oligo-
saccharides were cleaved (PNGase F), compared with the
small shift in electrophoretic mobility when only mannose
sugars were cleaved (EndoH) (Fig. 2). In contrast, the un-
cleaved form of 6 integrin exhibited the same shift in
mobility following cleavage with either endoH or PNGase
F, demonstrating that the uncleaved form of 6 integrin
contained principally high mannose carbohydrates (Fig. 2).
Uncleaved 6 integrin contained high mannose-type
FIG. 2. The glycosylation state of the uncleaved form of 6 integrin is distinct from that of cleaved 6 integrin. To determine the
N-glycosylation state of the cleaved and uncleaved forms of 6 integrin in the chick embryo lens, tissue extracts were incubated with either
endoH or PNGase F. EndoH cleaves only high mannose N-linked oligosaccharides, while PNGase F cleaves both high mannose and
complex N-linked oligosaccharides. In order to determine whether the 6 integrin glycosylation state was specific to the stage of lens cell
differentiation, E10 chick embryo lenses were separated into lens epithelial cell (E) and lens fiber cell (F) fractions. The effects of endoH and
PNGase F on cleaved and uncleaved 6 integrin were determined by immunoblot analysis using an antibody that recognizes the cleaved
and uncleaved forms of both 6A and 6B. Migration of the treated and untreated 6 integrin subunits is noted to the right of the blot.
Results show a distinct migration pattern for both cleaved and uncleaved 6 integrin and their respective digested forms. The cleaved form
of 6 integrin contained primarily complex N-linked sugars and some high mannose sugars, as is typical for a cell surface receptor.
Glycosylation of the uncleaved form of 6 integrin was distinct from that of the cleaved form, consisting primarily of high mannose
N-linked sugars.
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N-linked oligosaccharides regardless of the state of differ-
entiation of the cells.
Differentiation-Specific Expression of the Signal
Transduction Molecules Shc and Grb2
To examine the signaling potential of both cleaved and
uncleaved forms of 6 integrin, we proposed to analyze the
association of each with Shc and Grb2. First, however, it
was necessary to determine the expression pattern of Shc
and Grb2 during lens cell differentiation. There are three
Shc isoforms, p66, p52, and p46 (Pelicci et al., 1992), that
differ only in their amino terminus, but can exhibit distinct
and sometimes opposite effects on cell signaling pathways
(Migliaccio et al., 1997; Okada et al., 1997). Their expres-
sion in microdissected fractions of the E10 chick lens (Fig.
1A) was determined by using a polyclonal antibody that
recognizes all three Shc isoforms (Fig. 3A). p52 was the
principal isoform expressed in the E10 lens, regardless of
the state of differentiation of the cells (Fig. 3B). Although
most abundant in the lens epithelial regions, EC and EQ,
p52 Shc continued to be expressed throughout lens fiber cell
differentiation. Its expression was lowest in the FC zone,
which contains terminally differentiating lens fiber cells.
p46 Shc expression was much less than that of p52, but it
exhibited the same differentiation-specific pattern of ex-
pression as p52. p66 Shc, whose expression was low when
compared with the two other Shc isoforms, could only be
detected in the EC and EQ zones of the lens. Shc, when
phosphorylated during cell signaling events, recruits Grb2.
In the embryonic lens, Grb2 is similarly expressed in the
EC, EQ, and FP zones, and downregulated in the FC zone.
Both Cleaved and Uncleaved Forms of 6 Integrin
Are Associated with Shc/Grb2 Signaling
Complexes
We investigated the signaling potential of both the
cleaved and uncleaved forms of 6 integrin in the differen-
tiating lens by determining the ability of each to associate
with the adaptor protein Shc and its downstream signaling
effector Grb2. Microdissected lens fractions were extracted
in CHAPS buffer, which maintains most protein–protein
interactions, while disassociating them from the cytoskel-
eton (Walker et al., 2002). Extracts from each microdis-
sected region of the E10 lens, EC, EQ, FP, and FC, were
immunoprecipitated with antibodies to Shc or Grb2, the
immunoprecipitated proteins separated by PAGE, and im-
munoblotted with an antibody to 6 integrin (Fig. 4). This
6 antibody is directed against an epitope in the 6 extra-
cellular domain common to both the cleaved and uncleaved
forms of 6 integrin. It recognizes both 6A and 6B
isoforms, which comigrate. Probing with the 6 integrin
antibody revealed that both the cleaved and the uncleaved
forms of 6 integrin coprecipitated with Shc (Fig. 4A) and
Grb2 (Fig. 4B). These results demonstrated that, in the
embryonic lens, the uncleaved as well as the cleaved forms
of 6 integrin signal through a Shc/Grb2-mediated path-
way. This is the first demonstration that uncleaved 6
integrin has signaling potential in vivo.
To demonstrate the specificity of 6 integrin coprecipi-
tation with Shc and Grb2, we examined whether 6 inte-
grin would coprecipitate with the cell–cell adhesion mole-
cule N-cadherin (Fig. 4C), the primary cadherin expressed
by the chick embryo lens (Leong et al., 2000). Although
N-cadherin is highly expressed throughout lens cell dif-
ferentiation, 6 integrin did not coprecipitate with
N-cadherin.
6 Integrin Signaling through Shc/Grb2-Mediated
Pathways in the Differentiating Fiber Cells Is
Specific to the 6A Isoform
We have previously shown that isoform switching from
6B integrin to 6A integrin occurs as lens cells enter the
cortical fiber region (Walker and Menko, 1999). Therefore,
when our results in Fig. 4 revealed a high level of associa-
tion between 6 integrin and both Shc and Grb2 in the
differentiating cortical fiber zone, we investigated whether
FIG. 3. Regulation of Shc and Grb2 expression during lens cell
differentiation. Microdissected, differentiation-specific zones from
the E10 chick embryo lens, EC, EQ, FP, and FC, were extracted in
TX buffer, loaded at 15 g per well, and immunoblotted with
antibodies to Shc and Grb2. The Shc antibody recognizes all three
Shc isoforms, p66, p52, and p46. Expression of Shc decreased with
lens differentiation state. Grb2 expression remained relatively
constant through lens differentiation until the cells reached the FC
zone, where its level of expression also decreased. (B) Quantifica-
tion of Shc isoform expression was determined following densito-
metric analysis of three experiments. Results in each experiment
were normalized to p52 Shc in the EC fraction.
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6 integrin signaling in this region of the embryonic lens
represented an 6A-specific signaling pathway. To test this
hypothesis, microdissected fractions of the E10 lens, EC,
EQ, FP, and FC, were immunoprecipitated with an antibody
to the 6A integrin isoform and the immunoprecipitates
immunoblotted with antibodies to Shc (Fig. 5A) and Grb2
(Fig. 5B). The blots also were probed with antibody to 6
integrin. No association between 6A integrin and Shc was
detected in the undifferentiated epithelial cells. This region
of the embryonic lens expresses only low levels of 6A
(Walker and Menko, 1999). Recruitment of Shc by 6A
integrin was first detected in the EQ zone. The association
between these molecules greatly increased in the FP zone
and remained high in the FC region of the embryonic lens.
Although no association between 6A integrin and Grb2
was detected in the lens epithelial cell zones, Grb2 was
highly associated with 6A integrin signaling complexes in
the FP zone and these proteins remained linked, albeit at a
lower level, as the lens fiber cells continue their differen-
tiation in the FC zone.
DISCUSSION
6 Integrin, whose function is required for normal lens
fiber cell differentiation (Walker et al., 2002), is likely to
have multiple roles in the process of lens development.
This is suggested by its localization not only to regions of
cell–matrix interaction, but also along the extensive cell–
FIG. 5. Shc and Grb2 are recruited by the 6A integrin isoform in
the fiber cell zones of the embryonic lens. In order to examine
further the signaling potential of 6 integrin during lens fiber cell
differentiation, we performed immunoprecipitation (IP) studies
with an 6A-specific antibody followed by immunoblotting (Blot)
for either Shc (A) or Grb2 (B). Antibody to 6A was used in this
study because we previously had shown that this was the predomi-
nant 6 isoform in the lens fiber cell zones. Each 6A immunopre-
cipitate also was immunoblotted with an 6 integrin monoclonal
antibody to reveal the pattern of expression of 6A integrin in the
microdissected lens samples. The results show that, while p52 Shc
was associated with 6A integrin in both regions of lens fiber cell
differentiation, FP and FC, Grb2 was highly associated with 6A
integrin signaling complexes only in the differentiating cortical
fiber region (FP) of the embryonic lens. In (A), the position of the
IgG band was determined by an antibody control run in a parallel
lane.
FIG. 4. In the embryonic lens, both uncleaved and cleaved forms
of 6 integrin are associated with the adaptor protein Shc and its
downstream effector Grb2. Immunoprecipitation (IP)/immunoblot
(Blot) studies were performed on microdissected E10 chick embryo
lens fractions, EC, EQ, FP, and FC. (A) To determine whether both
uncleaved and cleaved forms of 6 integrin were associated with
Shc, cell fractions were immunoprecipitated for Shc and immuno-
blotted with an antibody directed against a region in the 6 integrin
extracellular domain shared by both the cleaved and uncleaved
forms of this receptor. This antibody recognizes both 6A and 6B
integrin isoforms, which comigrate. Both uncleaved and cleaved 6
integrin coimmunoprecipitated with Shc in the embryonic lens,
and formation of these complexes was differentiation state-
dependent. (B) To determine whether both uncleaved and cleaved
6 integrin also associated with Grb2, a downstream effector of
Shc, cell fractions were immunoprecipitated for Grb2 and immu-
noblotted with the 6 antibody as described above. Both uncleaved
and cleaved forms of 6 integrin also coimmunoprecipitated with
Grb2, and their pattern of association was differentiation state-
dependent. (C) As a control for the specificity of 6 integrin
association with signaling complex proteins, the lens fractions
were immunoprecipitated with antibody to N-cadherin and immu-
noblotted with the 6 integrin antibody. Neither the uncleaved or
cleaved forms of 6 integrin coimmunoprecipitated with
N-cadherin at any stage of differentiation. The band present in the
EC fraction migrated between both forms of 6 integrin and was
nonspecific. The actual position of 6 integrin (cleaved and un-
cleaved forms) on the immunoblot is shown with a control lane,
denoted as C, a 15-g sample of a total cell lysate of the EQ region.
Also shown is an N-cadherin blot of the N-cadherin immunopre-
cipitate, to demonstrate that the absence of association between 6
integrin and N-cadherin was not a result of inability to immuno-
precipitate N-cadherin.
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cell interfaces of differentiating lens fiber cells (Walker and
Menko, 1999), a region devoid of matrix. Since the signaling
function of 6 integrin at these lateral cell interfaces is
independent of matrix interaction, we investigated the possi-
bility that in the developing lens 6 integrin had unique
properties specific to its role in lens cell differentiation.
In the trans-Golgi network, many  integrins, including
the laminin receptors 3, 6, and 7, undergo endoproteo-
lytic cleavage of their extracellular domain near the
membrane-spanning domain (Rigot et al., 1999; Sonnenberg
et al., 1990). This yields a heavy chain and a light chain that
are linked by disulfide bonding. However, cleavage is not
required for localization of  integrins to the plasma mem-
brane. When convertases, the subtilisin-like endoproteases
that cleave  integrin subunits, are inhibited, the surface
expression of integrins such as 6 is not altered (Berthet et
al., 2000). In cells deficient for furin, an endoprotease that
cleaves 6 integrin (Lehmann et al., 1996), or in studies in
which the cleavage site for 6 integrin has been mutated so
that the protein cannot be cleaved (Delwel et al., 1996,
1997), uncleaved 6 integrin is expressed at the plasma
membrane. Although the cleaved and uncleaved forms of
6 integrin share many adhesive properties, they exhibit
distinct signaling functions (Delwel et al., 1996, 1997).
As yet, the cleavage state of 6 integrin has not been
studied in vivo. A good place to examine whether the
uncleaved form of 6 integrin may have a functional role in
the cell is during embryonic development when cell adhe-
sion molecules have distinct regulatory functions. In the
embryonic lens, we found that both cleaved and uncleaved
forms of 6 integrin were expressed on the cell surface. The
cleaved form of the 6 integrin subunit predominated in the
epithelial cell zones, EC and EQ. In these regions, the lens
cells are tightly adherent to the lens basement membrane
capsule (Talian and Zelenka, 1991; Walker and Menko,
1999), a process most likely mediated by the binding of
cleaved disulfide-bonded 6 integrin to its ligand, laminin.
The cells in the EC region are undifferentiated, and the EQ
region contains cells that have just initiated their differen-
tiation. As the lens cells moved beyond the EQ region to
carry out their differentiation program and form lens fiber
cells, there was a switch in predominance from cleaved to
uncleaved 6 integrin. This is paralleled both by a switch in
6 isoform predominance from 6B to 6A and by the
localization of 6 integrin to the extensive lateral borders of
the differentiating fiber cells (Walker and Menko, 1999).
These results indicate that the uncleaved form of 6A
integrin is localized at the cell–cell borders of the differen-
tiating lens fiber cells.
The reason for the predominance of uncleaved 6 integrin
in differentiating lens fiber cells may be related to the
unique differentiation process that occurs in the embryonic
lens. In order for the lens to perform its function of focusing
light on the retina, lens cells lose their nuclei and organelles
during the terminal stages of their differentiation. In the
cortical fiber zone of the embryonic lens, where the un-
cleaved form of 6 integrin becomes predominant, the
Golgi apparatus becomes fragmented and then disappears
(Bassnett, 1995). In this region, the endoplasmic reticulum
remains intact and is not lost until later in fiber cell
differentiation, at a time coincident with nuclear degrada-
tion. It is possible that the loss of cleaved 6 integrin in the
differentiating lens fiber cells is directly related to the
fragmentation of the Golgi apparatus.
If, as suggested in the literature,  integrin subunits are
cleaved and disulfide bonded to provide the flexibility
necessary for changes in conformation and regulation of
affinity for ligand (Delwel et al., 1996, 1997), then the
uncleaved form of  integrins, such as 6 integrin in the
differentiating lens fiber cells, may be expressed at the
membrane to mediate matrix-independent signaling. There
is precedent for a ligand-independent signaling role for 6
integrin. 6 Integrin has been shown to be able to transac-
tivate other integrins without binding to its extracellular
matrix ligand laminin. This unique signaling capacity of 6
integrin requires the function of the tetraspanin protein
CD81 (Domanico et al., 1997). Our findings of the predomi-
nant expression of uncleaved 6 integrin in differentiating
lens fiber cells where 6 integrin is highly localized at
cell–cell interfaces in the absence of matrix ligand suggest
that the uncleaved form of 6 integrin plays a ligand-
independent signaling role at the cell–cell interfaces of
differentiating lens fiber cells.
Two classes of N-linked oligosaccharides, high mannose
and complex, are found on glycoproteins. High-mannose
oligosaccharides are added to proteins in the endoplasmic
reticulum, while complex oligosaccharides are produced in
the Golgi apparatus. Although integrin subunits contain
primarily complex oligosaccharides, inhibition of glycosyl-
ation does not prevent integrin receptors from being ex-
pressed on the cell surface (Akiyama et al., 1989; Albiges-
Rizo et al., 1995; Hotchin and Watt, 1992). It does, however,
cause changes in the ligand binding capacity of these
integrins (Akiyama et al., 1989; Albiges-Rizo et al., 1995;
Hotchin and Watt, 1992). In the embryonic lens, the cleaved
form of 6 integrin had mostly complex N-linked oligosac-
charides, while the uncleaved form contained primarily
high mannose oligosaccharides. This distinct glycosylation
of the uncleaved form of 6 integrin is consistent with our
suggestion that it is localized to cell–cell interfaces of the
differentiating lens fiber cells, where its signaling function
would not involve binding to a matrix ligand. The expres-
sion of integrins with an altered glycosylation state at the
cell surface is likely to reflect their participation in special-
ized cell signaling pathways. In support of this is the finding
that incomplete N-glycosylation of integrins enhances their
association with a glycosphingolipid-enriched microdo-
main of the membrane, a specialized region of the mem-
brane thought to be involved in signal transduction (Kazui
et al., 2000). Underglycosylated integrins in this membrane
domain show enhanced association with the tetraspanin
protein CD82 (Ono et al., 2000). Tetraspanins play an
important role in the modulation of integrin signaling
(Berditchevski and Odintsova, 1999; Domanico et al., 1997).
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Integrin signal transduction often involves the adaptor
protein Shc (Dans et al., 2001; Jalali et al., 2001; Wary et al.,
1999) and its downstream signaling effector Grb2 (Mainiero
et al., 1996; Wary et al., 1996). In the embryonic lens, both
cleaved and uncleaved forms of 6 integrin coimmunopre-
cipitate with Shc and Grb2, demonstrating that both forms
of 6 integrin can participate in cell signaling events. Our
results provide the first demonstration of signal transduc-
tion in vivo by an uncleaved  integrin. Shc has been shown
to link integrins to downstream effectors involved in cell
proliferation (Bhattacharya et al., 1995; Wary et al., 1996)
and mediate signaling of differentiation by growth factor
receptors (Hill et al., 1996; Valentinis et al., 1999). Our
results provide the first in vivo evidence that Shc and Grb2
can transduce an integrin signal in a differentiating cell.
In the differentiating cortical fiber cells (FP) of the em-
bryonic lens, there is a switch in 6 isoform expression
from 6B to 6A (Walker and Menko, 1999). In this region,
expression of 6B is barely detectable; therefore, the high
association between 6 integrin and Grb2 in the FP zone
must represent signaling by the 6A isoform. Since no
association was detected between 6A integrin and Grb2 in
the EQ region, the 6 integrin isoform recruited by Shc and
Grb2 in this zone is likely to be 6B.
As lens fiber cell differentiation progresses, apoptotic-like
processes lead to the loss of lens cell nuclei and organelles,
yet the cells survive (Bassnett, 1992, 1995; Bassnett and
Mataic, 1997; Chaudun et al., 1994). Although nuclei are
still present in the E10 lens, the stage when our studies
were performed, caspases are already expressed (Wride et
al., 1999). Both integrin receptors (Frisch and Francis, 1994;
Frisch and Ruoslahti, 1997) and Shc (Gotoh et al., 1996)
have been shown to provide signals for cell survival. We
speculate that the surprisingly high level of association
between 6A and both Shc and Grb2 in the cortical fiber
cell region of the embryonic lens may provide a cell survival
signal, protecting the lens fiber cells from apoptosis, even as
caspases are turned on to begin degrading organelles. The
decrease in association of Grb2 with 6A integrin in the
nuclear fiber zone suggests that the 6A integrin/Shc/Grb2
survival signal is specific for the cortical fiber cells and may
not persist into the most differentiated regions of the
nuclear fiber zone. In support of this conclusion, the anti-
apoptotic protein Bcl-2 is expressed almost exclusively in
the cortical fiber zone of the embryonic lens (our unpub-
lished data; and Wride et al., 1999), the same region where
the formation of the 6A/Grb2 complex is the greatest.
This demonstrates that there is a strong correlation be-
tween 6A/Shc/Grb2 complex formation and the signaling
of lens cell survival in the FP zone.
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